The effects of the short-chain aliphatic carboxylic acid, n-butyrate, on glycosaminoglycan (GAG) accumulation were studied in cultured human skin fibroblasts. Normal fibroblast cultures were grown to confluence, shifted to a medium without or with n-butyrate for 24 h, labeled with either VHlacetate or V3Hjglucosamine and analyzed for IHIGAG and V3Hjhyaluronate accumulation. Accumulation was stimulated at low concentrations (0.1-1 mM) by up to 27%. Higher concentrations of n-butyrate (> 1 mM) inhibited V3HIGAG by up to 70-90%. This effect was maximal at 10 mM and half-maximal at 3 mM. Propionate had similar effects but was less potent. Parallel studies conducted in colonic fibroblasts revealed that n-butyrate could markedly inhibit I3HIGAG accumulation in that cell type as well. These effects were rapid, occurring within 3 h of treatment, and were reversible. Chondroitin sulfate accumulation was unaffected by the compound. A pulse-chase study failed to demonstrate any effect on 13HIGAG degradation.
Introduction
Human skin fibroblasts are a useful in vitro model for studying the synthesis and metabolism of glycosaminoglycans (GAG),' which are complex carbohydrates involved in cellular attachment (1) . These cells elaborate large amounts ofGAG, predominantly hyaluronate (HA), as well as chondroitin sulfate and dermatan sulfate (2) . Until recently, very little was understood about the mechanism involved in HA synthesis. Philipson and Schwartz have localized the incorporation of ['4C]glucuronic acid from its uridine diphosphate donor into HA at the plasma membrane of oligodendroglioma cells (3) . The nature of the enzyme(s) involved in the sequential transfer of n-acetyl glucosamine and glucuronic acid residues to HA and subsequent chain elongation, however, remain to be elucidated. Mechanisms involved in the control ofthis process are also incompletely understood. Earlier studies demonstrated that virus-transformed fibroblasts elaborate significantly more HA than do normal cells (2) , and that GAG synthesis is disordered in cells from patients with osteogenesis imperfecta (4) and Marfan's syndrome (5) , yet the proximate mediators of these alterations are as yet unidentified.
This laboratory has reported that both thyroid and glucocorticoid hormones can regulate [3H]GAG accumulation in hu-man skin fibroblasts (6, 7) . Both classes of hormone inhibit [3H] HA synthesis in a time-and dose-dependent manner (6, 7) .
The accumulation of sulfated GAG such as chondroitin sulfate and dermatan sulfate were unaffected by hormone treatment, however, which suggests a high degree of specificity.
Short-chain, naturally occurring aliphatic carboxylic acids recently have been found capable of a variety of biological effects on cells in culture, including alteration ofspecific gene expression (8) . The latter effect is thought possibly to be a consequence of hyperacetylation of chromatin proteins (9) . These compounds are present in high concentrations in human stool and the physiologic implication of their presence is now being appreciated. 
Procedures
Cell culture. Normal human fibroblasts were propagated in Eagle's minimal essential medium supplemented with Earle's salts, glutamine, penicillin/streptomycin, amphotericin B, and fetal calf serum (10%). Cells were plated at a density of400,000 per 60-mm diam plastic dishes covered with 4 ml medium and grown to confluence at 37°C in a humidified, 5% Co2 incubator (-10 d usually).
Carboxylic acids were dissolved directly in the medium. Treatment periods were usually 24 h unless indicated otherwise. This was followed by a 24-h labeling period, at the beginning of which fresh medium supplemented with [3H]acetate (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) MCi/ml), [3Hlglucosamine (1-2 tlCi/ ml), or [35S]sulfuric acid (10-25 ,Ci/ml) was added. Labeling periods were shortened in the time course experiments and in the pulse-chase study as indicated in the figure legends. The chase incubation ofthe later study involved unlabeled medium containing 1 mM sodium acetate.
[3H]Leucine (5 (10) . Briefly, culture media were collected quantitatively, cell layers rinsed with phosphate-buffered saline and then solubilized in NaOH (0.1 N). Cellular material was then scraped off the substratum and disrupted by sonication. After an aliquot was removed for protein determination by the method of Lowry et al. (1 1) , the cell layers, wash, and media were combined and subjected to pronase (1 mg/ml) digestion in 100 mM Tris buffer, pH 8.0 at 50'C overnight. After cooling on ice, the samples were precipitated with trichloroacetic acid (5% wt/vol) and centrifuged. The acid soluble material was collected and dialyzed extensively against cold water. The resultant material was counted by liquid scintillation spectroscopy and defined as total [3HJGAG. In some experiments, the postdialysis samples were lyophilized to dryness and subjected to Streptomyces hyaluronidase or chondroitinase ABC digestion (10) . The digested material was separated by Sephadex G-50 column chromatography. In early studies, uronic acid content was determined by the method of Dische (12) . Postdialysis and postchromatographic recoveries were uniform, as described previously (10) .
Data are expressed either as the mean±range from duplicate cultures or as the mean±SEM of results from triplicate cultures. Statistical significances were determined by Student's t test. n-Butyrate (10 mM) substantially inhibited [3H]GAG accumulation in confluent human skin fibroblast cultures when added to the culture medium 24 h before labeling. As Fig. 1 Since the incorporation ofboth tritiated precursors was inhibited, the effect was not the result of gross metabolic pool alterations. Because the colon is exposed to high concentrations of butyrate and other carboxylic acids (13) , colon fibroblast cultures were also exposed to n-butyrate (10 mM). (Fig. 3 ). There was a further time-dependent decline until 9 h, when [3H]GAG accumulation in treated cultures was 22% of controls. When the medium from treated cultures was removed and replaced with untreated medium, incorporation increased rapidly, and first apparent within -6 h (Fig. 4) . By 10 h of medium replacement, accumulation had approximated that found in untreated control cultures. Those cultures continually maintained in medium containing n-butyrate failed to demonstrate this recovery (Fig. 4) ing, and then some carboxylic ____*__*___,__,___,_ acid-treated cultures were 2 4 6 8 10 washed and incubated with meHours dium to which n-butyrate had not been added (solid triangle). All cultures were labeled for 2 h before harvest. Each datum point represents the mean±range of duplicate plates from one representative experiment.
protein synthesis was not significantly affected. 3H-Leucine incorporation was similar in carboxylic acid-treated and control cultures (7,855±343 vs. 8,339±209 dpm/,gg protein, mean±SEM, n = 3, NS).
Cultures were treated and then pulse labeled for 10 h, followed by chase incubation for up to 49 h. The results suggest that there was no effect on [3H]GAG degradation over the duration of the chase incubation as would have been reflected by a change in the ratio of precursor incorporation in n-butyratetreated cultures to that in controls (0.29 at 17 h and 0.29 at 49 h). Further, there was no evidence of macromolecular degradation, which is consistent with the previously recognized absence of hyaluronidase in these cells ( 15) .
Discussion
Naturally occurring carboxylic acids such as n-butyrate are generated as a natural consequence of cellular metabolism, and yet their physiological role remains incompletely understood. Sodium butyrate has been added to the medium of a variety of cultured cells and numerous effects have been reported. Enzymes such as tyrosine hydroxylase (16, 17) , choline acetyltransferase (18), acetylcholinesterase (19) , catechol-o-methyltransferase (20) , glycosyltransferase (21), and adenylate cyclase (22) can be stimulated by the compound. A wide variety of organic acids including carboxylic acids have been shown capable ofinfluencing intracellular pH (23) . Butyrate has also been reported to inhibit cell division (24-26) and to alter cellular morphology (27) .
This report demonstrates that n-butyrate can exert a signif- (32) . Effects on the degree of acetylation of histone and nonhistone proteins are apparently mediated through an inhibition of deacetylases (33) . The relative potencies of n-butyrate and propionate in regard to their actions on histone modification (14) are similar to those reported here. Inhibition of [3H]HA synthesis in fibroblasts is rapid, with maximal effects seen within 8 h of treatment, which perhaps reflects a rapid turnover ofthe protein species involved in the mediation of the effect.
Short-chain carboxylic acids are capable of influencing the cellular response to specific hormones. Butyrate significantly reduced the number of glucocorticoid binding sites in HeLa S3 cells while synergistically enhancing the dexamethasone stimulation of alkaline phosphatase activity (24). The compound decreased the number of 1,25 (OH)2D3 receptors and reduced 25 hydroxyvitamin D3-24 hydroxylase activity in cultured pig kidney cells (34) . The abundance of triiodothyronine receptors, the rate of prolactin production and triiodothyronine-induced growth hormone synthesis are all modulated by n-butyrate in GH, pituitary adenoma cultures (35) . Further studies have disclosed that the dose response to the compound was biphasic, with small increases in receptor number after exposure to 0.5-1 mM butyrate and a marked decrease at concentrations up to 10 mM (36) . Thus the dose relationship of n-butyrate in that culture model is quite similar to its effect on fibroblast HA synthesis reported here.
Early studies demonstrated that very high concentrations of carboxylic acids are generated in the mammalian large intestine by fermentation of dietary carbohydrates (37) . An important source appears to be plant cell wall carbohydrates (37) . Because short-chain fatty acids comprise the major solute fraction of stool water in humans (38) , the colonic tissue is exposed to a total carboxylic acid concentration ofnearly 200 mM (13) ; thus, the inhibition of HA synthesis observed in cultured colon fibroblasts may reflect a physiologically relevant control mechanism n-Butyrate Regulation ofGlycosaminoglycan operant in the intestine in vivo and perhaps in other mammalian tissues.
Studies performed in vitro offer important advantages over those conducted in whole animals. They offer the opportunity to assess the biological role of regulators of metabolism in isolated, homogeneous cell populations under stringently controlled experimental conditions. Because the behavior of cells maintained in culture may differ from that in situ in fundamental ways, observations made in these models should complement rather than replace those conducted in whole animals. Thus, the results reported here ultimately need to be extended by further studies in isolated tissue preparations and in the intact organism.
Information currently available concerning the control of HA synthesis is limited. The results of the current study define a novel probe for regulating specifically HA synthesis at an as yet undefined site. The concentrations used to achieve these effects were identical to those in other experimental systems and are similar to those generated in vivo. The precise mechanistic nature of this carboxylic acid effect and its relationship to the hormonal regulation of HA synthesis are under investigation.
